Type Ia supernovae (SNe Ia) exhibit a significant diversity in their observables suggesting that a variety of progenitor channels and/or explosion mechanisms contribute to this class of objects. Understanding the origin of the diversity is essential for applying SNe Ia as distance indicators in cosmology and for studying their role in cosmic nucleosynthesis. Multi-dimensional simulations of SN Ia explosions allow for a consistent treatment of the underlying physical mechanisms. Consequently, their predictive power enables a direct comparison with observations. This way, the validity of different explosion scenarios can be assessed. Based on a comprehensive sequence of modeling taking into account aspects of population synthesis, multi-dimensional hydrodynamic explosion simulations, nucleosynthetic postprocessing, and radiative transfer calculations, the capability of different explosion scenarios to reproduce SN Ia observations is discussed. Although traditional Chandrasekhar-mass models are promising candidates for explaining "normal" SNe Ia, the corresponding progenitors may not be numerous enough to account for their rate. Explosions of sub-Chandrasekhar mass white dwarfs provide a potential alternative. The observables predicted for violent mergers of two white dwarfs, however, resemble a class of sub-luminous SNe Ia rather than the bulk of normal events. An accurate modeling of the nucleosynthesis in SN Ia explosions is found to be critical not only for drawing conclusions on their impact on galactic chemical evolution, but also for the predicted observables.
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Introduction
The most fundamental problem in establishing a theoretical picture of Type Ia supernova (SN Ia) explosions is the lack of knowledge of the progenitor system. Therefore the initial conditions of the explosion phase remain uncertain. Although the association of SNe Ia with thermonuclear explosions of carbon-oxygen white dwarf (WD) stars in binary systems remains undisputed, different evolutionary paths have been suggested [1] . Following the last hours before the onset of the explosions in numerical simulations is a tremendous challenge and the details of binary evolution in many of the suggested scenarios is out of reach for multi-dimensional hydrodynamical modeling.
While modeling the explosion process itself remains a demanding task, there has been substantial progress in this field over the last decade. Multi-dimensional hydrodynamical simulations have been carried out and from these synthetic observables have been derived by means of radiative transfer simulations. This allows us to model the various scenarios that have been proposed to explain SNe Ia and predict their observable properties. Population synthesis studies provide a complementary approach of testing SN Ia scenarios by estimating the relative frequencies of different explosion scenarios. Thus, although a straightforward multi-dimensional modeling of SN Ia explosions from the binary evolution of the progenitor system to the formation of observables remains out of reach in the foreseeable future, the currently available tools and approaches do provide means of constraining SN Ia scenarios.
Modeling sequence
To test SN Ia scenarios, we have performed various sequences of numerical simulations. Initial progenitor system parameters can be motivated by population synthesis studies that help to identify which systems might be abundant enough to explain the observed rates [2] . In the case of WD-WD mergers, the pre-explosion binary evolution is simulated [3] ; in all other cases the explosion is triggered by hand in an assumed progenitor configuration. After ignition, the thermonuclear explosion is followed in multi-dimensional hydrodynamic simulations. Since full reaction networks are computationally too expensive to run concurrently with the hydrodynamics simulation, the burning is modeled in a coarse approximation including only five species [4] . This is sufficient to estimate the nuclear energy release that drives the dynamics of the explosion. To determine the details of the nucleosynthesis, however, an additional step needs to be taken. This step is based on tracer particles that are placed in the exploding object and advected along with the explosion (see the contribution of I. Seitenzahl). The tracer particles record thermodynamic trajectories. These are then used as an input for a large reaction network that is solved to determine the nucleosynthesis in the explosion [5, 6, 7] . By mapping the results into radiative transfer calculations and deriving synthetic observables (light curves and spectra) [8, 9] , a direct comparison with observations is possible. This connects the end of the modeling pipeline to astronomical data, making it possible to answer the question of whether the event has properties consistent with the SNe Ia we observe.
Violent WD-WD mergers
A scenario for SNe Ia that is favored in some population synthesis calculations [2] is the For each band, the gray light curves correspond to different viewing angles and the black curve represents the angle-average (from [14, 3] ).
merger of two carbon-oxygen white dwarfs [10, 11] . Although not all of these mergers may lead to thermonuclear explosions [12] , the parameter space is rich and has not been fully explored. Here, we focus on the violent merger scenario for which the mass ratio of the merging WDs is close to unity. Due to the symmetry in the initial setup, break-up of the lighter star and subsequent formation of an accretion disk around the heavier companion is avoided. Instead, the stars merge violently within a few orbits. This evolution is followed in simulations based on a modified version of the Smoothed Particle Hydrodynamics code GADGET [13] . During the inspiral, the two WDs are heavily deformed due to tidal interaction and finally plunge into each other.
The inspiral and merger for two WDs of 0.9M each is shown in Fig. 1 . When the two masses first touch, temperatures above 2.8 × 10 9 K are reached in material of ρ = 3.8 × 10 6 g cm −3 . These conditions can be sufficient to trigger a detonation [15] . Since the formation of a detonation wave cannot be resolved in our simulations, we assume a detonation triggers and follow its propagation over the merged object by means of our grid-based hydrodynamical supernova code LEAFS. The result is a powerful explosion of the merged object. Given the masses of the two initial WDs, the total mass of the ejecta is 1.8M -exceeding the Chandrasekhar-mass. Nonetheless, the ensuing event is not a bright supernova. Since the density in the merged object is not very high, the amount of produced 56 Ni (powering the optical display by its radioactive decay) is only about 0.1M . Light curves derived from the explosion model with the radiative transfer code ARTIS [9] are shown in Fig. 1 . They are much fainter than the light curves of normal SNe Ia but compare favorably to those of SN 1991bg-like objects. No theoretical model was previously available for this sub-class of SNe Ia, and so violent WD-WD mergers seem a promising option to explain them [3] .
Chandrasekhar-mass models
Given the low rate expected for mergers of more massive WDs, different scenarios seem necessary to model normal SNe Ia. The long-time favorite and best explored option is that of Chandrasekhar-mass explosions where a carbon-oxygen WD accretes matter from a companion star (either H and He which then burn hydrostatically at the surface of the WD to C and O, or directly C+O material from another WD). When approaching the Chandrasekhar mass, the central density in the core increases dramatically. After a century of convective carbon burning (see the contribution of M. Zingale) a thermonuclear burning front is ignited by thermonuclear runaway in one or multiple sparks near the center of the WD.
Pure deflagrations
The nucleosynthesis in a prompt detonation of a Chandrasekhar-mass WD in hydrostatic equilibrium is inconsistent with observed spectra of SNe Ia. To synthesize appreciable amounts of intermediate-mass elements (such as Si, S, and Ca), pre-expansion of the fuel material is required. This is possible if the burning starts out subsonically, as a deflagration flame. When propagating through the WD, the flame will be subject to buoyancy instabilities. In the non-linear regime, the Rayleigh-Taylor instability leads to the formation of mushroom-shaped bubbles of burning material that rise into the fuel. The shear flow ensuing at the interface of those bubbles (characterized by a Reynolds number of ∼10 14 ) inevitably generates strong turbulent eddies that decay forming a turbulent energy cascade. In a wide sub-range of this cascade, the flame interacts with turbulent eddies of various sizes. They drag the flame around and lead to a drastic increase of flame surface area. As a consequence, the effective burning rate is strongly enhanced and the flame is accelerated beyond the laminar flame speed. This effect is crucial for a successful explosion of the WD.
An example of a simulation following a deflagration in a Chandrasekhar-mass WD is shown in Fig. 2 . The propagation of the deflagration front through the WD is modeled with our grid-based hydrodynamic SN Ia code LEAFS. This simulation is prototypical for deflagration models that are ignited in multiple sparks around the center of the WD. The 56 Ni production amounts to 0.32M . Due to large-scale buoyancy instabilities, the chemical composition of the ejecta is strongly mixed. Thus from such simulations, only a faint, low energy, peculiar event can be expected. This is confirmed after nucleosynthesis postprocessing and mapping into our radiative transfer code ARTIS. Although the mapping procedure is non-trivial and still preliminary, the derived spectra (see right plot of Fig. 2 ) qualitatively resemble those observed for the SN Ia subclass of 2002cx-like events (of which SN 2005hk is used as an example here). This supports the idea that this subclass can be explained by deflagrations in WDs [16] .
Delayed detonations
To reach the brightnesses and explosion energies of normal SNe Ia in Chandrasekhar-mass models, an enhanced burning is required. One possibility is the delayed detonation scenario [17, 18] . After initial burning in the deflagration mode, the flame undergoes a transition to a supersonic detonation in a late stage of the explosion. The question of whether or not such deflagrationto-detonation transitions occur in SNe Ia is not answered yet. Recent studies [19, 20, 21] , however,
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Multi-dimensional models of Type Ia supernovae F. K. Röpke indicate that they may be possible. If so, the delayed detonation scenario holds promise for explaining the main characteristics of normal SNe Ia [22, 23, 24, 25, 26, 27] . Light curves and spectra predicted from these events [8] match the observations reasonably well and even qualitatively reproduce the width-luminosity relation [28] that is used to calibrate SNe Ia as distance indicators in cosmology. A potential problem for this scenario, however, is that some population synthesis studies predict too few realizations of progenitor systems able to form a Chandrasekhar-mass WD to be compatible with the observed rate of normal SNe Ia [2] .
Sub-Chandrasekhar mass models
Sub-Chandrasekhar mass models were studied in the 1990s [29, 30] but have subsequently received little attention until recently [31] . From a population synthesis point of view, they seem attractive for explaining the bulk of SNe Ia [32] . The problem with this progenitor channel is that the nucleosynthesis expected from the detonation of a massive He shell above a C+O core is inconsistent with the observations [33, 34, 35] . Previous models predicted a substantial 56 Ni production in this layer. Recently, models with larger core masses (around 1M ) have been studied -these have the advantage that a thin He shell may trigger a detonation [36] . Although the He shell detonation then does not produce significant amounts of 56 Ni, other iron-group isotopes are still synthesized [37] . In particular, absorption by Cr and Ti leads to strong flux redistribution towards the red parts of the spectrum making the models inconsistent with observations (see left plot of Fig. 3) . One way to alleviate this problem is to start from a carbon-enriched He shell instead
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Multi-dimensional models of Type Ia supernovae F. K. Röpke of pure He [35] . This restricts the mass number of alpha elements that can be synthesized and with a ∼33% admixture of C, the spectrum agrees much better with the observations (see right plot of Fig. 3 ). The capability of sub-Chandrasekhar mass models to reproduce characteristics (and variations) of the observed sample of normal SNe Ia can be demonstrated on the basis of detonations in bare C+O cores [38] .
Conclusion
A variety of progenitor systems and explosion mechanisms for SNe Ia have been proposed over the last few decades. One way of clarifying which of these contribute to the observed SN Ia sample is to follow the explosion, nucleosynthesis, and radiative transfer in a pipeline of simulations. This allows for a direct comparison of predictions with observations. More detailed and comprehensive theoretical studies are still required but it seems that each the models discussed here finds a correspondence in the observed sub-classes of SNe Ia. A potential explanation is that the wealth of data from supernova surveys contains a wide range of possibilities that are realized in Nature. However, it could also be that currently available observational data are not sufficient to discriminate the models. In particular spectra around peak luminosity test mainly the outer layers of the ejecta and are not sensitive to their central regions where the explosion mechanism leaves complementary imprints. Therefore, the comparison between models and observations has to be extended. Nebular spectra and spectropolarimetry data seem promising for breaking the degeneracy of the models.
